Nocard & Roux (1887) discovered that the growth of Mycobacterium tuberculosi8 var. homini8 was stimulated by addition of glycerol to culture media, but Hammerschlag (1891) was the first to demonstrate utilization of glycerol. Several investigators have since shown that glycerol is a favourable source of carbon for the cultivation of many species of mycobacteria. Baudran (1910) drew attention to the simultaneous disappearance of glycerol and phosphoric acid from culture media, and suggested that glycerophosphoric acid might be formed. Merrill (1930 Merrill ( , 1931 studied the fate of glycerol in broth cultures and in synthetic media, and concluded that glycerol was completely oxidized without the accumulation of breakdown products, a view which was shared by Dingle & Weinzirl (1932) , Wedum (1936) and Friedemann & Seibert (1939) .
The investigation of washed cell suspensions has furnished additional information (see Edson, 1951) . Nakamura (1938) reported that glycerol increased the oxygen consumption of Myco. tuberculo8i8 var. homini8; but no direct relationship between respiration and the growth-promoting ability of glycerol could be found by Bloch, Matter & Suter (1947) . Although it is clear that many acid-fast organisms oxidize glycerol, there has been little advance in knowledge of the intermediate metabolism. This paper shows that the use of washed-suspensions techniques and cell-free extracts has provided means of elucidating the mechanism of glycerol degradation.
METHODS
Organisms. The organisms used were Myco. stercoris (no. 3820), Myco. smegmatis (no. 523) and Myco. butyricum (no. 337) . These strains were obtained from the National Collection of Type Cultures, Lister Institute, London. Stock cultures were maintained on glycerinated Dorset's egg medium, and cultivated on meat infusion broth containing 1% (w/v) peptonum B.P.C. (British Drug Houses) and 5 % (v/v) glycerol. On the fifth or sixth day of incubation at 380, the bacteria were washed and suspended in distilled water by methods described earlier (Edson & Hunter, 1943) .
Bacterial extracts. Extracts were prepared by disrupting the organisms either in the wet crushing mill of Booth & Green (1938) or in the Mickle disintegrator (H. Mickle, Hampton, Middlesex) . In the Mickle apparatus 4 g. of washed cells, 4 g. of no. 12 ballotini glass spheres (0-18-0-25 mm.) and 4 ml. of phosphate buffer (M-1M, pH 7-4) were mixed, precooled in each container and shaken at maximum amplitude for 30 min. in a cold room (2-3°). The suspension of disintegrated organisms and glass beads was diluted with 4 ml. of buffer per tube, the extracts clarified by centrifugation and the supehrnatant dialysed for 24-48 hr. against distilled water at 2-3°.
Manometric measurements. Oxygen consumption was measured by the Warburg technique at 380, and the method of Warburg & Yabusoe (1924) was used for the determination of the respiratory quotient (R.Q.). Substrates were added from the side bulb after equilibration, and inhibitors were in contact with bacteria from the start of an experiment. The C02 absorbent consisted of appropriate mixtures of KOH and KCN (Krebs, 1935) when HCN was used as inhibitor. Acid substrates were used as sodium salts.
Materials. Adenosine triphosphate (ATP) was a purified sample supplied by Boots Pure Drug Co. Ltd. The barium salt was about 94% pure as judged by 7-min. P, 7-min. P/total P and P/N values. A typical analysis of the solution (sodium salt) used in experiments gave: inorganic P, <0-05 mg.; acid-labile 7-min. P, 0-71 mg.; total P, 1-10 mg.
Diphosphopyridine nucleotide was obtained from Schwartz Laboratories Inc., New York. Its purity (50%) was assayed by the method ofLePage (1947), using the value E1C =8500at340mEc 1 cm.-Analytical methodc Estimation of glycerol. At the end of an experiment with intact cells, the Warburg flasks were cooled in ice and the contents quantitatively transferred to a graduated test tube by means of a Pasteur pipette. Deproteinizing reagent (0-4 ml. of 7% (w/v) metaphosphoric acid solution) was added, the volume adjusted to 10 ml. with distilled water, the tubes centrifuged and 2-0 ml. portions of supernatant used for analysis by the periodate method of Voris, Ellis & Maynard (1940) .
Determination of phosphate and phosphate esters. After experiments with clarified and dialysed extracts, the flasks were cooled in ice, 1 ml. of 30% (w/v) trichloroacetic acid was added and the volume made up to 10 ml. withdistilled water. After centrifugation 2 ml. portions of the supernatant were used for phosphorus determinations. Triose phosphate was determined as alkali-labile P (Lohmann & Meyerhof, 1934) and ATP as readily hydrolysable P (7 min., 1-ON-HCI, 1000). For total-P determinations the wet incineration was carried out by heating 1 ml. of Pcontaining solution with 0-5 ml. of H2SO4 (sp.gr. 1.84) and 0-5 ml. of HNO3 (sp.gr. 1-42) in a micro-Kjeldahl flask. Additional HNO3 was added if required. All phosphate determinations (inorganic P, hydrolysable P and total P) were performed by the method of Fiske & Subbarow (1925 (with S.D.) in the absence of added substrate were 13-4 ± 0-9 (twenty-two cultures) for Myco. smegmatis, 10-1 ± 0-6 (nine cultures) for Myco. stercoris Biochem. 1953, 55 and 13-7 ± 0-8 (twenty-three cultures) for Myco. butyricum. In the presence of glycerol the oxygen consumption was doubled. Working with a strain of Myco. tuberculo8si var. hominis virulent for guinea pigs, Bloch (1944) and Bloch et al. (1947) reported that the augmentation of oxygen uptake due to glycerol was little affected by the pH ofthe medium.
Myco. smegmatis and Myco. butyricum also behave in the same way. When the medium was buffered at pH 7*8, 6-8 or 6-2, there was little effect on the extra oxygen uptake due to glycerol, although the endogenous respiration was diminished at the lower pH. similar curves with the same amounts of glycerol, the molar ratios being 10, 1-1 and 1-2 respectively.
(2) ]Besidual glycerol was estimated after suspensions of the organisms had respired for a fixed time in a buffered medium containing excess of glycerol ( Table 2) . The results of both methods agree in demonstrating that glycerol is incompletely oxidized, the molar ratio of oxygen uptake/glycerol consumed being less than half the theoretical value for complete oxidation in one case (Myco. )megmati8) and less than a third in the other (Myco. butyricum). The assimilation of glycerol resembles that of glucose, lactate (Edson & Hunter, 1947) , pyruvate and fatty acids (Lindsay, O'Donnell & Edson, 1950) , all of which are incompletely oxidized by washed suspensions of mycobacteria.
Oxygen con8umption and carbon dioxide production. Table 3 records the results obtained when the oxygen consumption and carbon dioxide production of washed suspensions were measured in the presence and absence of glycerol. The 'extra' carbon dioxide/oxygen ratios, which are lower than the theoretical R.Q. for complete combustion of glycerol, suggest that oxidative assimilation may lead to the formation of carbohydrate and/or fatty acids.
Influence of inhibitor8 on respiration. Table 4 shows the effect of various reagents on the oxidation of glycerol by Myco. 8riwgmati8, Myco. 8tercoris and Myco. butyricum. Typical data illustrating the influence offluoride and fluoroacetate on the oxidation of glycerol, pyruvate and acetate are recorded in Table 5 . The inhibition of respiration referred to below is calculated on the basis of oxygen uptake in excess of that due to endogenous respiration.
It will be seen that the endogenous respiration is strongly inhibited by cyanide and arsenite, the profound effect of cyanide on the oxidation of glycerol indicating that the oxidation may be linked to the cytochrome system. Arsenite blocks the oxidation of pyruvate almost completely. It also inhibits the oxidation of glycerol by 72 to 80 % (Hunter, 1952 water-clear filtrates. When glycerol was the. substrate, it was necessary to keep the concentration of magnesium ions to a minimum since precipitation of the hydroxide occurred on making the solution alkaline in the final stages of the Sibley-Lehninger test. Table 6 shows the anaerobic formation of triose phosphate from glycerol and glycerophosphate, the triose ester accumulating only when hydrazine was used as a fixative. The colour test is not specific for triose phosphate but is also given by ketonic acids. Since the nitroprusside test for pyruvate was negative, it is probable that the positive Sibley-Lehninger tests indicated the presence of triose phosphate. Aerobic oxidation of glycerophosphate with methylene blue as hydrogen carrier. Dialysed extracts showed a small spontaneous oxygen uptake in the absence of added substrate. This blank was slightly increased by a-glycerophosphate (Table 7) , but when methylene blue was added the oxygen consumption was increased fourfold. When the substrate was oxidized in the presence of hydrazine, triose phosphate was detectable by the SibleyLehninger test applied to the fluid from the manometric cups (after deproteinization and removal of Positive methylene blue). The slow rate of oxygen consumption was not accelerated by the addition of diphosphopyridine nucleotide (Table 7) .
When the experiments were repeated on a larger scale, the triose phosphate was determined as alkali-labile phosphate in deproteinized filtrates from which the methylene blue was removed by adsorption on charcoal as before (Table 8) . Again it will be seen that triose phosphate accumulates only when the artificial hydrogen carrier is present and hydrazine is used as a fixative. Control experiments with boiled bacterial extracts and the requisite additions gave no alkali-labile phosphate; and analytical controls showed that hydrazine did not interfere with the Fiske and Subbarow phosphate determinations. It will be noticed ( (Clarified and dialysed bacterial extract (4 ml.) shaken in stoppered 50 ml. conical flasks for 3 hr. at 380, unbuffered initial pH 6-8.) Additions (total volume made up to 6 ml. with distilled water) Nil 1 ml. 0-1 m-x-glycerophosphate (100,umoles) 1 ml. 0-1 M-z-glycerophosphate (100 pmoles) + 0-4 ml.
I-OM-hydrazine hydrochloride (neutralized) 1 ml. 0-1M-oc-glycerophosphate (l00,umoles) +0-5 ml.
1: 200 methylene blue 1 ml. 0-1M-o-glycerophosphate (100,umoles) +0-4 ml.
1-OM-hydrazine + 0-5 ml. methylene blue in the presence and absence of fluoride by measuring simultaneously the formation of phosphoenolpyruvate and the release of inorganic phosphate and pyruvic acid (Table 10 ). The degradation of phosphoglycerate does not occur unless magnesium ions are added and it is inhibited by fluoride, showing that the enzyme concerned has the characteristic properties of enolase. The amount Table 9 . Enzymic cleavage of pho8phopyruvate (4-0 ml. dialysed extract and 1 0 ml. 0-1 m-phosphoenolpyruvate (100 lmoles) incubated in stoppered 50 ml. Pho8phorylation of glycerol. When neutral unbuffered extracts are incubated with ATP, phosphate is liberated, the enzymic hydrolysis being complete in 3 hr. with Myco. 8megmati8 but incomplete with Myco. butyricum. Spontaneous liberation of phosphate was negligible when ATP was incubated with heat-inactivated extracts. Although the amount of inorganic phosphate set free is substantially reduced when glycerol is added to extracts of Myco. 8megmatis, the residual ATP (7-min. acid-labile P) is negligible (Table 11 ). The change in the distribution of phosphate can be explained if glycerophosphate is formed. The esterification of glycerol is slower in extracts of Myco. butyricum. This interpretation of ATP breakdown is consistent with the observations which show that glycerophosphate is oxidized in extracts, whereas glycerol is not oxidized unless ATP is added (Table 6 ). Since the transphosphorylation experiments were performed in the absence of methylene blue, significant amounts of triose phosphate were not formed (Tables 7 and 8 ). Hence triose ester did not interfere with the determination of residual 7-min. acid-labile P. The inorganic phosphate content of the bacterial extracts was too small to be determined by the method used. Myco. (Table 6) or aerobically with methylene blue as a hydrogen carrier (Table 7) . Prolonged dialysis has not revealed the presence of a dissociable coenzyme for this reaction. The extracts possess an enolase (inhibited by fluoride) which converts D-3-phosphoglycerate to phosphoenolpyruvate (Table 10) and an enzyme which splits phosphoenolpyruvic acid into pyruvic acid and inorganic phosphate (Table 9 ).
Since triose phosphate dehydrogenase has been found in extracts of Myco. smegmati8 (Faine, Whiteside & Edson, 1951) , the following scheme is put forward to represent the catabolism of glycerol in that organism and probably in other mycobacteria:
Glycerol + ATP -+-oc-Glycerophosphate (Kalckar, 1939; Lindberg, 1951) . Since glyceraldehyde and dihydroxyacetone are also oxidized (Table 1) an obligatory phosphorylation similar to that occurring in kidney (Lindberg, 1951) may initiate the breakdown.
In the above scheme diversion to synthetic processes (assimilation) is likely to take place at the triose phosphate and 'acetate' stages.
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